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Fynbos Proteaceae that are killed by ﬁre and bear their seeds in serotinous cones (proteoids), are entirely dependent on seedling recruitment for
persistence. Hence, the regeneration phase represents a vulnerable stage of the plant life cycle. In laboratory-based experiments we investigated the
effect of desiccation on the survival of newly emerged seedlings of 23 proteoid species (Leucadendron and Protea) occurring in a wide variety of
fynbos habitats. We tested the hypothesis that species of drier habitats would be more tolerant of desiccation than those from more moist areas.
Results showed that with no desiccation treatment, or with desiccation prior to radicle emergence, all species germinated to high levels. However,
with desiccation treatments imposed after radicle emergence, there were signiﬁcant declines in seedling emergence after subsequent re-wetting.
Furthermore, other than three species that grow in waterlogged habitats, germination responses could not be reliably modeled as a function of soil
moisture variables. An important ﬁnding was that the species had highly individualistic responses to desiccation. In conclusion, early seedling
emergence represents a species-speciﬁc stage that is highly sensitive to a decrease in soil moisture. Since species are killed by ﬁre (non-sprouting),
vulnerability to increasing aridity associated with anthropomorphic climate change would increase the odds of local and global extinction.
© 2012 SAAB. Published by Elsevier B.V. All rights reserved.
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Many Cape fynbos plant communities have an overstorey of
non-sprouting shrubs belonging to the Proteaceae genera Leuca-
dendron and Protea (Cowling and Holmes, 1992). These shrubs
store their large, protein-rich seeds in canopy-borne infructes-
cences (“cones”), a seed ecology syndrome termed serotiny
(Lamont et al., 1991). Commonly known as proteoids, these spe-
cies are entirely dependent on seeds for persistence, since adult
plants are killed by recurrent fires at roughly decadal frequencies
(Le Maitre and Midgley, 1992). Seedling recruitment is confined
to the immediate post-fire period (Bond, 1984) and germination
is cued to the combination of high soil moisture and low soil⁎ Corresponding author.
E-mail address: rmc@kingsley.co.za (R.M. Cowling).
0254-6299/$ -see front matter © 2012 SAAB. Published by Elsevier B.V. All right
doi:10.1016/j.sajb.2012.03.009temperatures that prevail in the cooler months (Bond, 1984;
Brits, 1986; Mustart and Cowling, 1993a).
Like most other fynbos guilds, proteoids show high composi-
tional turnover associated with soil nutrient and moisture regimes
(Rebelo, 2001; Richards et al., 1995). It is feasible that edaphic spe-
cializationmay be linked to aspects of the plants regeneration niche
(Grubb, 1977; Harper et al., 1965). Specifically, newly emerged
seedlings may be vulnerable to low soil moisture conditions asso-
ciated with protracted bouts of dry weather. This sensitive phase
of the plant cycle would be particularly vulnerable to any habitat
aridification associated with anthropomorphic climate change
(Latimer et al., 2009; Walck et al., 2010). Research has indicated
that the emergence of seedlings of proteoids is indeed sensitive to
soil moisture conditions: a field study which investigated emer-
gence patterns of four species with restricted habitats showed
lower levels of seedling emergence on a coarse-textured, sandier
soil type than on a neighbouring soil with a finer-grained clays reserved.
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the higher moisture capacity of the latter soil type, and was backed
up by subsequent laboratory experiments where differences in the
survival patterns of newly emerged seedlings of two proteoid spe-
cies were found in soils with different moisture capacities (Mustart
and Cowling, 1993b).
In this study we employ laboratory experiments to explore
aspects of the desiccation sensitivity of early emergence stages
of proteoids. Specifically we investigated the desiccation toler-
ance of newly emerged seedlings (radicle emergence of
1–2 mm) of 23 serotinous proteoid species that span a wide
range of soil moisture regimes. We tested the hypothesis that
species of drier habitats would be more tolerant of desiccation
than those from more moist areas. We also investigated differ-
ences in tolerance to desiccation within two species (P. neriifo-
lia and P. repens) that each occur in a wide range of moisture
habitats as well as in both winter and bimodal rainfall zones.2. Materials and methods
2.1. Study species and seed collection
We selected 12 Leucadendron and 11 Protea species (all
proteoids) with distributions ranging over a wide variety of
habitats and climatic conditions (Tables 1 and 2). Of these
P. neriifolia and P. repens were collected from two localities
each (eastern and western Cape with lower and higher rainfall,
respectively, and with bimodal (equinoctial) and winter rain,
respectively). Habitats varied from permanently moistTable 1
Identity, generalized habitat (Rebelo, 2001) and seed collecting locality of proteoid
Species Habitat
Leucadendron coniferum (L.) Meisn. Wind-blown sands
L. eucalyptifolium H. Beuk. ex Meisn. Sandy soils
L. floridum R. Br. Damp waterlogged soi
L. laureolum (Lam.) Fourc. Deep sands
L. linifolium (Jacq.) R. br. Waterlogged, sandy so
L. meridianum I. Williams Shallow, limestone soi
L. nobile I. Williams Gravelly or sandy soil
L. procerum (Salisb. ex Knight) I. Williams Sandstone-derived san
L. rubrum Burm. f. Dry slopes on granite
L. salicifolium (Salisb.) I. Williams Sandstone-derived san
L. teretifolium (Andrews) I. Williams Shale-derived soils
L. xanthoconus (Kuntze) K. Schum. Sandstone-derived soil
Protea aristata E. Phillips Rocky sandstone slope
P. compacta R. Br. Sandstone-derived soil
P. coronata Lam. Heavy clay soils
P. laurifolia Thunb. Dry sandy or granite s
P. lepidocarpodendron (L.) L. Sandstone, ferricrete o
P. mundii Klotzsch Moist slopes and fores
P .neriifolia (East) R. Br. Sandstone soils
P. neriifolia (West) R. Br. Sandstone soils
P. obtusifolia H. Beuk. ex Meisn. Shallow limestone soil
P. punctata Meisn. Dry rocky or shale slo
P. repens (East) (L.) L. Extremely varied habi
P. repens (West) (L.) L. Extremely varied habi
P. susannae E. Phillips Calcareous and neutrasituations near watercourses (e.g. L. floridum), moist moun-
tain slopes (P. coronata, P. mundii), through to semi-arid
conditions (L. procerum, L. nobile). Although most soils
were typically sandy, those for some species had a relatively
high fraction of fine particles (e.g. L. teretifolium).
We collected mature cones from approximately 10 plants
within a single population of each species growing in their natural
habitat (except Protea punctatawhich we obtained from Kirsten-
bosch Botanical Gardens) and dried these at 400 C in an oven
until fruit were released. Protea fruits are achenes and those of
Leucadendron are nutlets; hereafter we refer to both as seeds.2.2. Germination experiments
We performed laboratory experiments that mimic conditions
approximating natural post-fire soil surface conditions during
the cool-season germination period (Brits, 1986; Mustart and
Cowling, 1993a). Thus, we carried out experiments in a growth
chamber with alternating temperatures 10 °C minimum and
20 °C maximum during a 14 h dark and 10 h light (PAR) re-
gime, respectively. These conditions are optimum for the ger-
mination of proteoid species in the laboratory (Mustart and
Cowling, 1991). We assessed seeds for their ability to germi-
nate as judged by radicle emergence to at least 2 mm. In the
case where seeds had germinated prior to desiccation treat-
ments, we assessed for the ability of the radicles to expand
and continue growing after re-wetting - in a strict sense this
would be termed early post-germination survival; however,
we refer to this as ability to germinate. We placed seeds onstudy species from the fynbos biome, South Africa.
Latitude
(°S)
Longitude
(°E)
34.77 19.85
33.67 24.25
ls and near streams 34.15 18.35
34.77 19.87
ils over clay 34.67 20.05
ls 34.73 20.03
s 33.66 24.25
ds 32.38 18.97
or sandstone 32.40 19.10
ds and seeps near streams 34.75 19.87
34.20 19.37
s 34.75 19.92
s 33.45 21.30
s 34.75 19.92
33.98 18.42
oils 32.67 19.30
r granite soils 34.05 18.43
t margins 33.98 23.90
33.85 24.90
33.97 18.92
s 34.73 20.03
pes 33.37 22.08
tats 33.85 24.90
tats 33.97 18.92
l sandy soils 34.77 19.85
Table 2
Soil moisture-related variables used in modeling of seed germination of proteoids from the fynbos biome, South Africa. See text for details on variable derivation.
Species Annual rainfall
(mm)
% winter
rainfall
No. dry days
in winter
No. dry days
in spring
No. plant stress days
in winter
% ﬁne soil
particles
Habitat inundated
in winter
Winter rainfall
Protea. coronata 1165 68.5 58.4 70.1 9.2 27 No
P. neriifolia (West) 1138 72.2 63.2 72.6 24.8 12 No
P. repens (West) 1138 72.2 63.2 72.6 14.8 16 No
P. lepidocarpodendron 897 71.3 65.1 76.6 29.7 3 No
Leucadendron xanthoconus 521 64.5 68.2 74.3 44.0 8 No
P .compacta 521 64.5 68.2 74.3 19.6 12 No
L. meridianum 502 65.0 74.8 79.2 44.0 7 No
P. obtusifolia 502 65.0 74.8 79.2 44.0 7 No
L. coniferum 476 64.9 74.8 79.8 44.0 8 No
P. susannae 476 64.9 74.8 79.8 44.0 5 No
L. laureolum 470 64.6 74.8 79.8 44.0 5 No
P. laurifolia 460 79.9 77.6 84.7 81.5 17 No
L. rubrum 401 77.9 77.8 84.9 63.6 17 No
L. teretifolium 399 71.1 73.3 80.3 77.8 53 No
L. procerum 371 79.1 73.3 81.6 60.6 13 No
Winter inundation
L. floridum 579 72.1 64.2 76.3 26.1 4 Yes
L. linifolium 484 65.5 74.8 79.8 44.0 25 Yes
L. salicifolium 450 64.7 74.8 79.8 44.0 10 Yes
Non-seasonal / bimodal rainfall
P. mundii 933 48.9 74.1 68.9 24.8 5 No
P. punctata 743 52.6 82.5 80.2 127.7 15 No
P. neriifolia (East) 527 50.1 84.4 81.1 91.1 12 No
P. repens (East) 527 50.1 84.4 81.1 91.1 16 No
P. aristata 516 56.6 84.8 84.1 127.7 12 No
L. eucalyptifolium 293 47.0 87.0 83.4 127.7 8 No
L. nobile 293 47.0 87.0 83.4 127.7 10 No
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solution (a fungicide) in plastic Petri dishes, to be incubated in
the growth chamber for the duration of the experiment.
We applied the following treatments to approximately 80
seeds of each species (4 replicate Petri dishes of 20 seeds
each) in i and ii (below); and to approximately 60 seeds of
each species (3 replicate petri dishes of 20 seeds each) in iii:
(i) Experiment 0: control treatment: normal imbibition in
covered petri dishes.
(ii) Experiment 1: pre-germination desiccation: normal imbibi-
tion until just before radicle protrusion (timing of protrusion
for each species was determined in experiment 0 which we
performed in advance of experiment 1) followed by a drying
treatment (removal of the Petri dish lids) of 21 days, and sub-
sequent rewetting in covered Petri dishes.
(iii) Experiments 2–5: Post-germination desiccation: normal
imbibition until radicle protrusion of 1–2 mm followed
by four different drying treatments of 6, 13, 18 and
25 days respectively, and subsequent rewetting in cov-
ered Petri dishes. We chose drying treatment lengths
according to the duration of rain-free periods during win-
ter in the fynbos biome (Mustart and Cowling, 1993b).
2.3. Explanatory variables
We chose fixed explanatory variables that we considered
as having a bearing on soil-moisture conditions and thuspotentially on the probability of germination (Table 2). We
did not include plant traits (e.g. height, degree of serotiny,
seed size) since these do not vary much among proteoids
(Le Maitre and Midgley, 1992) and were not the focus of our
interest. Except for the inundation status, we extracted
data from Schultze (1997, 2007) which include a wide range
of climatic and hydrological variables stored at 1’×1’ scale
across South Africa. We extracted data using the point locality
records of the specimens we sampled. Variable derivation is as
follows:
• mean annual rain based on raster 1’×1’ interpolations
(Schultze, 1997);
• percentage of annual rain falling in combined autumn and
winter months (March to August) based on raster 1’×1’ in-
terpolations (Schultze, 1997);
• number of dry days in winter (June to August) with rainfall
less than 2 mm for quaternary catchments (Schultze, 2007);
• number of dry days in spring (September to November) with
rainfall less than 2 mm for quaternary catchments (Schultze,
2007);
• plant stress days in winter: the number of days in winter
when soil water content, based on rainfall, temperature and
potential evaporation generalized for quaternary catchments,
leads to critical plant stress levels (Schultze, 2007);
• percentage fine soil particles based on species distributional
range (Schultze, 1997);
• habitat inundated in winter or not inundated (Rebelo, 2001).
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tolerant than those from wetter habitats as follows: species occur-
ring in non-winter rainfall areas to be more tolerant than those oc-
curring in winter rainfall areas since germination occurs
predominantly in the cool, winter season; species experiencing
higher numbers of drought days in winter and spring would be
more tolerant of desiccation than those with fewer days; similarly
plants with higher numbers of plant stress days in winter would
havemore tolerance of desiccation than those with fewer days, al-
beit that this measurement refers to the whole plant's stress level
and does not highlight stress at the scale of seed germination; spe-
cies occurring in areas that are inundated in winter would have
less need for tolerance than dryland species; and species from
areas with finer-textured (clay-rich) soils that have superior
water binding properties would have less tolerance than species
occurring in habitats with coarser-grained soils and lower
water-binding abilities.2.4. Modeling germination success
We used a Hierarchical Generalized Linear Model (HGLM)
to determine the influence of fixed effects (explanatory
variables and experiment type) on the odds on – or probability
of – germinating, as follows: We gave nijk seeds of species i,
sampled from habitat k with associated climatic and soil fac-
tors, C1, … C6, and water-inundation factors W (described in
Table 2), experimental treatments Xj, and yijk out of nijk were
observed to germinate. For a particular species yijk was as-
sumed to have an over-dispersed binomial distribution,
B(nijk, πijk, φ), where πijk was the probability that a seed of spe-
cies i occurring in the habitat k, germinated under experimental
conditions j. The variance of yijk is φ nijk πijk (1−πijk) where φ
measures the variation above that which is explained by the bi-
nomial distribution. This extra variation was allowed for in the
calculation of all reported confidence intervals (Collett, 2003).
In addition, we assumed that there was variation between the
responses of the individual species to the above circumstances,
and which could be estimated as a random effect. If vi was the
random effect specific to the ith species, then the logarithm of
the odds on survival would be:
Log πijk= 1−πijk
   ¼ Constantþ βjXj þ αWþ γ1C1
þ…þ γ6C6 þ vi
where i =1,…25; j=0,…5. The β, α and γ coefficients measured
the fixed effects of the experimental conditions, water-inundation
and climatic conditions respectively; and vi was assumed to have
normal distribution with mean zero and variance λ.
The conditions described above define a Binomial-Normal
Generalised Linear Mixed Model (GLMM) which is a special
case of a HGLM. The model was fitted using a hierarchical
maximum likelihood procedure (Lee et al., 2006) and imple-
mented in Genstat version 12.1. The significance of the fixed
effects was assessed using Wald tests.3. Results
3.1. Germination experiments
All species germinated to high levels (N85%) in the control
and pre-germination drying treatments (Table 3). Drying treat-
ments applied after radicle emergence lowered germination suc-
cess in all species, generally in proportion to the length of
exposure to desiccation. After six days of desiccation exposure
(Experiment 2) germination success dropped below half for
32% of species. Corresponding data for Experiments 3–5 (13,
18 and 25 days of exposure) were 58%, 64% and 88% of species,
respectively. In the 25-day exposure, 13 species showed less than
10% germination and six species showed no germination.
Germination success in response to the experimental regime
varied widely among species. Protea aristata, P. repens (West)
and Leucadendron teretifolium germinated well (70%–93%) at
all four desiccation levels and P. susannae had high germination
(75%–93%) for up to 18 days of drying (Table 3).With the excep-
tion of P. repens,which can occupy a wide range of soil moisture
regimes, all of these species are associated with dry fynbos envi-
ronments. On the other hand, L. coniferum, P. coronata, P. mun-
dii, L. floridum, L. linifolium, and L. salicifolium showed poor
germination (0–35%) at all levels of desiccation. The last three-
mentioned species grow in seepages or marshes. P. coronata
and P. mundii grow in moist fynbos areas while L. coniferum is
a species of dry fynbos on sandy, coastal flats. Interestingly spe-
cies pairs that routinely co-exist (L. meridianum- P. obtusifolia,
L. xanthoconus-P. compacta, L. eucalyptifolium-P. neriifolia
(east)) had quite similar responses to the experimental regime,
with the marked exception of L. coniferum and P. susannae.
3.2. Modeling germination success
Based on WALD tests, the fixed effects variables compris-
ing amount of annual rain, percentage of winter rain, drought
days in spring, drought days in winter, soil texture, and plant
stress days in winter were not statistically significant in the
model, and thus not associated with a successful germination
response (Table 4). However, winter inundation and experi-
mental desiccation exposure significantly affected germination.
There was no significant interaction between the experimental
procedures and inundation indicating that these influence the
probability of germination independently. This implies that
both the level of droughting and the type of habitat (inundated
or not) affect germination, but the effect of droughting is the
same in each habitat. Thus, other than winter inundation, no
other variables describing soil moisture conditions were entered
into the model. The final model used for inference was Log
(πijk/(1−πijk ))=Constant+βj Xj+αW+vi
There was no significant difference of the odds on germina-
tion between pre-germination drying and the control experi-
ments, whereas in post-germination treatments the odds on
germination decreased rapidly (Table 5). After six days drying
(Experiment 2) the odds on germination was only 6.2% of the
odds in the control, and after 25 days drying (Experiment 5)
only 0.5%. Overall, in all cases of post-germination desiccation
Table 3
Percentage germination of seeds of proteoid species from the fynbos biome, South Africa, in response to desiccation experiments. Numbers in parentheses are the
number of seeds used in each experiment. IS= insufficient seed for experiments.
Species Control Pre- germination
drying
Post-germination
drying
Control: no drying
Experiment 0
21 days drying
Experiment 1
6 days drying
Experiment 2
13 days drying
Experiment 3
18 days drying
Experiment 4
25 days drying
Experiment 5
Winter rainfall
Protea coronata 96 (77) 95 (77) 30 (60) 0 (60) 0 (60) 0 (60)
P. neriifolia (West) 100 (77) IS 93 (60) 48 (60) 63 (60) 5 (60)
P. repens (West) 97 (59) IS 87 (60) 78 (60) 88 (60) 80 (60)
P .lepidocarpo-dendron 95 (79) 90 (80) 100 (60) 67 (60) 60 (60) 4 (60)
Leucadendron xanthoconus 96 (75) 100 (67) 59 (45) 37 (60) 15 (60) 15 (60)
P .compacta 100 (74) 97 (36) 47 (60) 15 (60) 3 (60) 0 (60)
L. meridianum 99 (76) 99 (75) 43 (60) 20 (60) 10 (60) 7 (60)
P. obtusifolia 96 (76) 87 (97) 82 (60) 7 (60) 3 (60) 0 (60)
L. coniferum 95 (74) 99 (73) 32 (60) 23 (60) 35 (60) 12 (60)
P. susannae 96 (79) 97 (67) 93 (60) 75 (60) 85 (60) 47 (60)
L. laureolum 99 (63) 100 (78) 86 (51) 58 (60) 38 (60) 10 (60)
P. laurifolia 85 (66) 97 (54) 88 (39) 81 (39) 35 (45) 25 (37)
L. rubrum 100 (79) 100 (75) 85 (60) 93 (60) 75 (60) 22 (60)
L. teretifolium 99 (73) 100 (80) 87 (52) 90 (54) 93 (56) 72 (43)
L. procerum 96 (78) 99 (78) 87 (60) 53 (60) 28 (60) 0 (60)
Winter inundation
L. floridum 89 (71) IS 20 (60) 0 (60) IS 0 (60)
L. linifolium 95 (75) IS 35 (60) 3 (60) IS 0 (60)
L. salicifolium 90 (76) 91 (75) 9 (58) 15 (60) 13 (60) 13 (60)
Non-seasonal / bimodal rainfall
P. mundii 92 (79) IS 22 (60) 26 (60) 17 (60) 5 (60)
P. punctata 100 (77) IS 100 (60) 80 (60) 17 (60) 7 (60)
P. neriifolia (East) 100 (79) IS 82 (52) 41 (54) 45 (54) 20 (60)
P. repens (East) 91 (74) IS 57 (54) 44 (54) IS 9 (45)
P. aristata 85 (76) IS 83 (52) IS 70 (54) 80 (47)
L. eucalyptifolium 91 (74) 88 (73) 67 (60) 67 (60) 63 (60) 30 (60)
L. nobile 98 (80) 100 (74) 55 (60) 28 (60) 23 (60) 42 (60)
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in the control and pre-germination drying experiments. Species
growing in winter-inundated habitats had overall germination
success that was 13.2% of a dryland species.
The variation due to species (λ) was 0.147 and explained 13%
of the total variation. Although this effect did not attain statistical
significance in themodel, it indicates possible differences between
the individual species responses to the same set of experimental
conditions, as mentioned above. In some species the odds on ger-
mination would increase, and in others decrease (Table 6). Protea
repens (West) and Leucadendron teretifolium were outliers, theirTable 4
Wald tests for dropping HGLM fixed effects in modeling the germination of
proteoid species From the fynbos biome, South Africa.
Fixed effects Wald statistic d.f. p-value
No. dry days in spring 0.73 1 0.394
No. dry days in winter 0.00 1 0.985
Annual rainfall 2.02 1 0.156
% fine soil particles 1.41 1 0.236
% winter rain 0.14 1 0.706
No. plant stress days in winter 0.06 1 0.811
Desiccation experiments 620.68 5 0.000
W_NW 6.65 1 0.010
Experiments.W_NW 7.50 5 0.186
W_NW=inundated in winter_not inundated in winter.effects being to increase the odds on germination 6.7 and 8.0
times respectively, indicating their exceptional tolerance to desic-
cation. Similarly L. rubrum, P. aristata and P. susannae have in-
creased germination odds ranging between 3.1 and 3.8 times, also
indicating their tolerance to desiccation. Conversely P. coronata,
P. mundii. P. compacta, P. obtusifolia, L. meridianum, and L. con-
iferum are vulnerable to desiccation with diminished odds of be-
tween 0.2 and 0.4. The remaining species showed intermediate
patterns.4. Discussion
Our study shows that desiccation in the early stages of seed-
ling emergence is a major source of seedling mortality - in gen-
eral, the longer the desiccation period, the greater the impact.
This sensitivity would greatly influence the size of post-fire
populations of proteoid shrubs in Cape fynbos, the persistence
of these fire-killed species being totally reliant on successful
seedling establishment. Thus, mortality associated with post-
emergence desiccation may be responsible – along with seed
predation (Bond, 1984) – for some of the between- and
within-season variation in post-fire recruitment observed for
Cape proteoids across the fynbos biome (Bond et al., 1984;
Van Wilgen and Viviers, 1985; Heelemann et al., 2008).
Table 5
Fixed effects estimates (β), s.e. and odds ratios (probability of germination) in modeling the germination of proteoid species from the fynbos biome, South Africa. See
Table 3 for explanation of Experiments 0–5. The odds ratios compare the odds on germination in each experiment with the odds in Experiment 0.
Fixed effects Estimate s.e. t Odds ratio Lower 95%
Conﬁdence
limit
Upper 95%
Conﬁdence
limit
Constant 3.837 0.316 12.15
Experiment 0 0 1
Experiment 1 0.028 0.346 0.08 1.028 0.522 2.025
Experiment 2 −2.781 0.235 −11.84 0.062 0.039 0.098
Experiment 3 −3.857 0.240 −16.08 0.021 0.013 0.034
Experiment 4 −4.278 0.247 −17.31 0.014 0.009 0.023
Experiment 5 −5.380 0.259 −20.81 0.005 0.003 0.008
NW 0 1
W −2.024 0.693 −2.93 0.132 0.034 0.512
NW=not inundated in winter; W=inundated in winter.
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is an important survival mechanism and hence a critical determi-
nant of species population sizes and distributions in ecosystems
ranging from deserts (Gutterman, 1993) to rainforests (Baltzer
et al., 2008). While several of our species were desiccation toler-
ant, the remainder was variably sensitive to the drying treatments.
In some cases as little as six days drying resulted in a major de-
cline in seed survival. Diminished tolerance may well have
evolved in response to reliably moist habitats during the germina-
tion period, and to some extent to the highly predictable winter
rainfall regime of the Cape (Cowling et al., 2005), albeit that
the proportion of winter rain did not attain significance in the sta-
tistical model.
Generally, seeds become tolerant of drying during their em-
bryological development and lose this tolerance duringTable 6
Proteoids ranked according to their random effects on the odds on germination.
Species Random effect s.e. t Effect on Odds
Protea coronata −1.84 0.35 −5.27 0.16
P. mundii −1.46 0.36 −4.0 0.24
P. compacta −1.40 0.35 −3.80 0.27
P. obtusifolia −1.18 0.34 −3.49 0.31
Leucadendron meridianum −1.12 0.34 −3.29 0.33
L. coniferum −0.96 0.34 −2.84 0.38
L. xanthoconus −0.63 0.34 −1.86 0.53
P. repens (East) −0.61 0.38 −1.62 0.55
L. floridum −0.36 0.67 −0.54 0.70
L. nobile −0.33 0.33 −0.99 0.72
L. procerum −0.11 0.33 −0.33 0.90
P. neriifolia (East) 0.12 0.34 0.37 1.13
L. salicifolium 0.13 0.67 0.20 1.14
L. laureolum 0.16 0.33 0.47 1.17
L. linifolium 0.23 0.67 0.34 1.26
P. laurifolia 0.24 0.36 0.66 1.27
P. punctata 0.29 0.33 0.86 1.33
L. eucalyptifolium 0.32 0.33 0.98 1.38
P. neriifolia (West) 0.36 0.33 1.09 1.43
P. lepidocarpodendron 0.38 0.33 1.16 1.46
L. rubrum 1.13 0.34 3.32 3.10
P. aristata 1.23 0.39 3.15 3.41
P. susannae 1.34 0.35 3.87 3.83
P. repens (West) 1.90 0.37 5.14 6.67
L. teretifolium 2.08 0.38 5.49 7.98germination, usually coincident with the onset of cell expansion
and division, and "commitment" to seedling establishment -
after this drying is lethal (Farrant et al., 1992a; Gutterman,
1993). Seeds of all our study species were able to survive des-
iccation before radicle emergence that is, at a stage before cell
elongation and expansion. Tolerance to drying is due to the pro-
duction of “water stress proteins” or LEAs (Late Embryonic
Abundant proteins) that physiologically protect the seed in the
dry state (Farrant et al., 1992b). Since this production incurs a
cost it would be switched off in situations when its function is
not required, for example when the seedling is able to acquire
adequate moisture and is not at risk with respect to continued
growth. It appears that proteoid species such as Leucadendron
floridum, L. linifolium and L. salicifolium that occur in seep-
ages or marshes - habitats that are reliably damp during this
critical period - have no need for such desiccation tolerance
once the radicle has emerged. These species, as well as others
with low tolerance (e.g. Protea coronata and P. mundii) -
both associated with high-rainfall environments - would be at
high risk of local extinctions should climate change result in
the aridification of their habitats.
Another factor that may have influenced our results was the
absence of a smoke treatment. Prior to post-fire release, seeds
of proteoids would be exposed to smoke. Although we recorded
high germination rates for our control batches without a smoke
treatment, plant-derived smoke is now known to include both
germination promoter and germination inhibitor volatiles
(Ghebrehiwot et al., 2009; Van Staden et al., 2004). The interac-
tion between these volatiles and water and radiation regimes is
likely to be of great significance for the questions we are asking
in this paper.
Despite some indications that species associated with moist
fynbos habitats (Protea mundii, P coronata) were less tolerant
to desiccation than those typically associated with dry fynbos
(Leucadenedron teretifolium, L. nobile, P. aristata), we found
that other than winter inundation status, variables reflecting
soil moisture during the germination and early establishment
phase did not attain statistical significance in our model. This
may be a consequence of the large spatial scale over which
the variables are generalized relative to the fine scale at which
seed and seedling processes occur (Broennimann et al., 2006;
116 P.J. Mustart et al. / South African Journal of Botany 80 (2012) 110–117Midgley et al., 2007; Pearson, 2006); in the field, seeds may be
associated with microsites that are considerably moister than
would be predicted from climatic data. However, the fact that
arid fynbos species such as L. procerum showed a marked re-
duction in tolerance after only 18 days drying, and the high tol-
erance of Protea neriifolia (west) – which is invariably
associated with moist fynbos – bears testament to the high var-
iability in relation to climate among our sample of species.
Clearly, field experiments using rain exclosures and monitoring
of soil moisture regimes would be the obvious next step for
research.
An important finding of our study was that irrespective of
genus or habitat, species showed highly individualistic re-
sponses. These inter-specific differences are important in
order to understand the impact of climate change-induced aridi-
fication on biodiversity, and underpin the suggestion that
knowledge of species-specific requirements be considered in
this regard (Cochrane et al., 2011; Hannah et al., 2005;
Midgley et al., 2007). Even for species that characteristically
co-exist, such as Leucadendron coniferum and Protea susan-
nae (Mustart and Cowling, 1993a), patterns of desiccation tol-
erance differed markedly. Since the anticipated increase in
aridity of the Cape region is associated with declines in the re-
liability and frequency of small rainfall events during the winter
growing season (Cowling et al., 2004; Midgley et al., 2003),
this is likely to have a serious impact on desiccation-sensitive
species such as P. coronata, P. mundii, P. compacta, P. obtusi-
folia, L. meridianum and L. coniferum. However, desiccation
tolerant species such as L. rubrum, P. aristata, P. susannae,
P. repens (west) and L. teretifolium are less likely to be impact-
ed by climate aridification. This variability extends across spe-
cies occurring in both the western (winter rainfall) and eastern
(bimodal rainfall) parts of the Cape. In this regard the two spe-
cies, P. neriifolia and P. repens, which have wide distributions
showed conflicting results - seeds collected from P. neriifolia in
its eastern domain (50% winter rain) showed fairly similar
levels of drought tolerance to seeds collected from their western
domain (72% winter rain). On the other hand P. repens in the
western domain had high tolerance levels in comparison to its
eastern counterpart. Many of the other species in our study
also have distributions that span regimes with varying propor-
tions of winter rain, for example P. coronata which was sam-
pled in the western domain (68% winter rain), also occurs
further eastward in areas with about 50% winter rain. Except
for P. neriifolia and P. repens our studies sampled one popula-
tion only of each species, and further research into the intra-
specific variability of desiccation tolerance across each species
distribution range is necessary. Although this limits the impli-
cations of our study, it does not compromise our overall finding
that the proteoid species investigated are sensitive to desicca-
tion during the early post-emergence phase, and that the species
have individualistic responses, with some species being ad-
versely affected by desiccation and others being more robust
in this regard. The importance of incorporating relevant aspects
of regeneration biology into vegetation dynamics under global
climate change has long been highlighted (Leishman et al.,
1992; Shugart, 1998). This could apply to plant taxa otherthan Proteaceae in the Cape, as well as to species in other
Mediterranean-climate regions, both of which are sensitive to
the impacts of climate change where lower and less reliable
rainfall during the winter growing season, higher temperatures
and higher fire frequencies are anticipated (Lawson et al.,
2010; Thuiller, 2007; Yates et al., 2010).Acknowledgements
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